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ABSTRACT 
 Here we describe the identification and characterization of the Arabidopsis homolog 
(At2g01170.1) to the S. cerevisiae BIO5 transporter of the biotin precursor 7-keto 8-
aminopelargonic acid (KAPA).  The Arabidopsis protein encoded by At2g01170 (also called 
BAT1) shares 22.1% identity and 36.8% similarity to the S. cerevisiae BIO5 protein, and the two 
proteins have highly conserved computationally predicted secondary structures, with both 
proteins predicted to have 12 α-helical trans-membrane domains. The Arabidopsis BIO5 
homolog was also able to complement S. cerevisiae bio5 mutants.  Arabidopsis At2g01170 
(bio5) mutants did not have the growth phenotype observed in S. cerevisiae bio5 mutants 
though there was an impact on the biotin content associated with the mutant. The previously 
unknown subcellular location of BIO5 was determined to be in the plasma membrane by a GFP 
tagging study. This Arabidopsis BIO5 homolog is proposed to facilitate the distribution of biotin 
or its precursors, such as KAPA among the plant's cells and tissues.  
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CHAPTER 1. INTRODUCTION 
General Introduction 
Biotin (vitamin H) is a water soluble vitamin that was first found as a growth factor in yeast 
(Wildiers, 1901). Later it was isolated from egg whites (Kögl and Tönnis, 1936) followed by the 
determination of its structure in the 1940’s (du Vigneaud et al., 1942). Biotin is an essential 
enzyme cofactor of enzymes important in pathways such as amino acid metabolism, 
gluconeogenesis, and lipogenesis. Biotin is covalently bound to enzymes and acts as prosthetic 
group that accepts and donates carboxyl groups in catalyzing carboxylation, decarboxylation, 
and transcarboxylation reactions. Specific carboxylase enzymes that contain covalently bound 
biotin are: pyruvate carboxylase (PC), geranoyl-CoA carboxylase (GCCase), heteromeric and 
homomeric acetyl-CoA carboxylase (ACCase), propionyl-CoA carboxylase (PCCase), and 
methylcrotonoyl-CoA carboxylase (MCCase). Biotin is also bound to a protein found in plant 
seeds; this seed specific biotin-binding protein (SBP) has no known carboxylase activity (Duval 
et al., 1994) and contains a unique biotin binding motif (Duval M.  et al., 1994). SBP appears to 
act as a sink for biotin late in seed development, then is quickly degraded upon germination.  
Biotin may also play a rule in gene regulation as demonstrated in the biotin auxotrophic bio1 
Arabidopsis mutant where expression of the MCCase subunits is dependent on the amount of 
biotin provided in the media to the plants (Che et al., 2003). Though biotin is required by all 
living organisms, not all species have the ability to synthesize biotin (Phalip et. al., 1999).  All 
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plants, most bacteria, and some fungi can synthesize biotin. In contrast, animals and humans 
must obtain biotin from their diets.   
Biotin biosynthesis has been examined primarily in Escherichia coli (Eisenberg, 1987), 
several Bacillus species (Gloeckler et al., 1990; Florentin et al., 1994; Bower et al., 1996), and in 
higher plants (Baldet et al., 1993, Muralla et al., 2008). Interestingly, even though pimelic acid 
has been confidently identified as the precursor of biotin metabolism (Fig. 3) in Bacillus species 
(Gloeckler et al., 1990 and Bower et al., 1996), the first intermediate found in E. coli is pimeloyl-
CoA (Eisenberg, M., 1987).  Studies of Saccharomyces cerevisiae revealed that S. cerevisiae are 
generally auxotrophic for biotin, but can be complemented by addition of the biotin vitamers 
KAPA, DAPA, or DTB to the medium. However S. cerevisiae cannot be complemented by 
pimelate or pimeloyl-CoA (Ohsugi and Imanishi, 1985). This biotin auxotrophy can be linked to 
the fact that most Brewer’s yeast strains only have the last 3 biotin biosynthetic genes BIO3, 
BIO4, and BIO2 respectively (Fig. 3) (Phalip et. al., 1999). A study by Phalip et. al. (1999) 
described a novel gene of the biotin biosynthetic pathway of S. cerevisiae named BIO5.  The 
BIO5 gene lies in a gene cluster with two other biotin biosynthetic genes BIO3 and BIO4. BIO5 
was found to act as a transporter required for normal uptake of 7-keto 8-aminopelargonic acid 
(KAPA) and 7,8-diaminopelargonic acid (DAPA).  Feeding studies using radio labeled KAPA 
demonstrated that BIO5 was required for KAPA uptake. It was also discovered that DAPA is a 
competitive inhibitor to KAPA uptake, suggesting that DAPA may be a second substrate of BIO5.  
Studies of S. cerevisiae bio5 mutants revealed that BIO5 is required for growth on KAPA or 
DAPA as the only source of biotin or biotin precursors (Phalip et. al., 1999). 
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Unlike S. cerevisiae, Arabidopsis thaliana has a complete set of biotin biosynthetic 
enzymes (Fig. 3). These enzymes are targeted to two subcellular locations, in the cytosol is 
KAPA synthase AtbioF (Pinon et al., 2005) and in the mitochondria are BIO2 (Picciocchi et al,. 
2001)  and the bifunctional fusion protein BIO3/BIO1 (Muralla et al., 2008). With KAPA synthase 
active in the cytosol, KAPA is required to cross the mitochondrial membranes to reach the last 
three biotin biosynthetic enzymes, creating a need for a KAPA transporter in Arabidopsis. The 
only previously known KAPA transporter is the S. cerevisiae BIO5. In this paper we describe the 
identification and characterization of an Arabidopsis thaliana homolog to the S. cerevisiae BIO5 
gene. We identify the Arabidopsis gene At2g01170.1 (also called BAT1) as a homolog to the S. 
cerevisiae BIO5.  
Thesis Organization 
This thesis is divided into five chapters. The first chapter is an introduction of biotin and biotin 
biosynthesis in bacteria, plants, and yeast. The second chapter contains the results of the 
identification and characterization of the Arabidopsis BIO5 homolog, the third is the discussion 
of the results found in second chapter, and the fourth chapter is the materials used to obtain 
the results found in the second chapter. The final chapter is a summary of the significant 
findings of this study and outlines some areas for potential future work on these topics. 
4 
 
 CHAPTER 2.  RESULTS 
Identification of a BIO5 Homolog in Arabidopsis 
To investigate the possibility of a homolog to the S. cerevisiae BIO5 existing within the 
Arabidopsis genome, a BLASTp (National Center for Biotechnology Information BLASTp 
blast.ncbi.nlm.nih.gov/Blast.cgi) search of the Arabidopsis genome database was conducted by 
querying with the S. cerevisiae BIO5 (YNR056c) protein sequence. This BLAST search revealed 
At2g01170 (77.8 bits, E value 3e-14) as the Arabidopsis gene with the most amino acid 
similarity to the S. cerevisiae BIO5 sequence. At2g01170 was annotated as an amino acid 
permease family protein similar to CAT3 (CATIONIC AMINO ACID TRANSPORTER 3) and was 
proposed as a putative gamma amino butyric acid (GABA) transporter by TAIR (The Arabidopsis 
Information Resource, Arabidopsis.org).  A CLUSTAL W multiple sequence alignment (Fig. 1) 
between S. cerevisiae BIO5 and At2g01170 returns an identity=137/619 (22.1%), 
similarity=228/619 (36.8%), gaps=161/619 (26.0%), and a score=314.0. Another tool for 
comparing transmembrane proteins is to compare their predicted transmembrane domains. 
Comparing the predicted transmembrane domains of S. cerevisiae BIO5 and At2g01170 using 
the TopPred program (KD-scale) (Fig. 2) illustrates a computational prediction showing both 
proteins to have 12 α-helical transmembrane domains. These domains are arranged similarly 
along their respective amino acid sequences. One conspicuous difference in the arrangements 
of these predicted domains is the distance between domains 3 to 4 and 4 to 5. In the 
Arabidopsis BIO5 domains 3 and 4 are closer while in the S. cerevisiae BIO5 the 4 and 5 
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domains are closer.  Over all the predicted secondary structures of the two proteins highly 
conserved considering they are only 22% identical. 
 Functional Complementation of S. cerevisiae bio5 Mutant 
To confirm that the Arabidopsis BIO5 have homologous functions to the S. cerevisiae BIO5, the 
S. cerevisiae strain B0098D that carries a bio5-knockout allele obtained from EUROSCARF. 
Sporulation of the diploid S. cerevisiae strain B0098D, produced haploid strains that carried  
bio5-knockout alleles and haploid strains that carried functional Wt BIO5 alleles. These haploid 
strains were then transformed with empty pYES-DEST52 or pYES-DEST52+BIO5. S. cerevisiae 
bio5-knockout strains require biotin and dethiobiotin and will not grow on KAPA or DAPA 
(Phalip et al., 1999).  The pYES-DEST52+BIO5 vector was used to heterologously express BIO5 
and was able to complement the growth phenotype of haploid S. cerevisiae bio5 mutants by 
supporting growth at nearly the level that of Wt (Fig. 4A) in liquid minimal media. In contrast, 
the mutant with empty vector showed no growth above the baseline, even after 60 hours. The 
S. cerevisiae bio5 mutants with pYES-DEST52+BIO5 entered the log growth phase at nearly the 
same time as the Wt strain, though the growth of S. cerevisiae bio5 mutants with pYES-
DEST52+BIO5 slowed during log phase and entered the stationary phase at a lower OB600 than 
the wild type. Haploid S. cerevisiae bio5 mutants were also grown on biotin depleted minimal 
media plates with 50µg/mL avidin and 50µg/mL Kanamycin (Fig. 4B).  The haploid S. cerevisiae 
bio5 mutants with the control empty pYES-DEST52 showed no growth after 6 days and the S. 
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cerevisiae bio5 mutants with pYES-DEST52+BIO5 construct again showed obvious visible 
growth.  
Characterization of GT7321 (bio5-1) and Salk_48892 (bio5-2) Arabidopsis bio5 Mutants 
In order to gain a better understanding of BIO5’s functionality within Arabidopsis, a reverse 
genetic approach was taken. Two Arabidopsis bio5 mutants were obtained to conduct this 
study, the Landsberg erecta GT7321 (bio5-1) allele (Cold Spring Harbor, NY) and the Columbia 
ecotype SALK_048992 (bio5-2) allele (ABRC). The progeny of 3 heterozygous plants from each 
of the two alleles were analyzed using PCR with primers specific to the T-DNA inserts and the 
At2g01170 gene region to determine the segregation patterns for that of both bio5-1 and bio5-
2 alleles (Fig. 4B). Based upon these PCR assays the progeny of heterozygous plants for the 
bio5-1 or bio5-2 alleles were classified as either homozygous for the WT or bio5 or 
heterozygous.  The ratios of such genotypes followed the normal 1:2:1 Mendellian segregation 
patterns (Fig. 4B) as confirmed by the chi squared test for a recessive non-lethal allele.  To rule 
out the chance of bio5-1 and bio5-2 being leaky mutants, RT-PCR was conducted with primers 
specific to the T-DNA inserts and the At2g01170 CDNA.  No full length transcripts were 
detected in either bio5-1 or bio5-2, though full length transcript that contained the T-DNA 
inserts was detected (data not shown). Because bio5-1 and bio5-2 are only able to produce 
bio5 transcripts that contain T-DNA inserts, they are not leaky mutants on the transcript level. 
To determine if the bio5 mutant plants have altered growth under biotin deplete 
conditions, plants were grown on 1µg/mL avidin containing MS plates. There was no observed 
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growth phenotype for either bio5-1 (Fig. 6) or the bio5-2 (not shown) when plants were grown 
up to 20 days on avidin containing media.  As a control, biotin auxotrophic mutant bio1-1 
(Muralla et al., 2008) plants were grown on the same biotin depleted plates to confirm that the 
biotin was depleted in the media. The bio1-1 mutant plants were unable to sustain growth on 
the avidin plates (Fig. 6), indicating that biotin was depleted from the plates. The bio1-1 
mutants could be rescued adding excess biotin (1mM) to the MS media containing avidin (data 
not shown).  
The biotin content of the aerial portions of 15 day old wild type and mutant plants 
grown on MS plates was measured in biological triplicate. This revealed that the bio5-1 mutant 
had about a 33% reduction in biotin (Fig. 8), when compared to wild type tissues. While the 
bio5-2 mutant had a reduction in the average total biotin content, it was found to not be 
statistically different from wild type biotin levels.   
MCCase expression profile in bio5 mutants 
Changes in the biotin content of Arabidopsis plants has been shown to alter the expression 
levels of 3-Methylcrotonyl-Coenzyme A Carboxylase (MCCase) subunits (Che et al., 2003).  
Quantitative Real-time PCR with gene specific primers for both the A (MCCA) and B (MCCB) 
subunits of MCCase was conducted on the aerial portions of 15 day old Wt and bio5 mutant 
plants (Fig. 9A). The quantitative Real-time PCR data shown in figure 9A, is expressed in terms 
of ΔΔCt with 18S as the reference gene. The bio5-2 mutant displayed increases in the 
expression of both the MCCA and MCCB subunit transcripts relative to the wild type. The bio5-
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1 allele also showed a similar increase in MCCA and MCCB expression in the 15 day old aerial 
tissues as compared to wild type (data not shown).   
A streptavidin western blot of protein samples from 15 day old pooled aerial tissues 
measured the abundance of the biotinylated subunit MCCA (Fig. 9C).  This western blot was 
analyzed with TotalLab TL100 image analysis software (FOTODYNE Inc.) to calculate the relative 
abundance of MCCA in each protein sample (Fig. 9B).  The average of the calculated abundance 
of biotinylated MCCA protein was 20% greater than that of wild type; however, this average 
value was not statistically different from the wild type abundance of biotinylated MCCA.  The 
Coomassie Brilliant Blue stain of an SDS-PAGE gel of the protein samples (Fig. 9D) analyzed in 
figure 9C was included to show the uniformity of the samples, with each well containing 50µg 
of total protein in both figures 9C and 9D. 
Determining of expression pattern and subcellular localization of BIO5 in Arabidopsis 
Real-time RT-PCR was used to determine the expression pattern of BIO5 within selected 
Arabidopsis tissues. Figure 7 graphs the expression levels of BIO5 in terms of ΔΔCt with 18S as 
the reference transcript.  The tissue with the highest measured expression of BIO5 was the 
aerial portions of 15 day old seedlings. The two other younger plant tissues, the 6 day old aerial 
portions and 15 day old roots, also had relatively high BIO5 expression when compared to the 
32 day old flowers and seliques, stems, and crown tissues. Because the aerial portions of 15 day 
old seedlings had the greatest expression observed, that tissue became a target for further 
analysis in the bio5 mutants. Subsequently the biotin content (Fig. 8) and MCCA and MCCB 
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expression/protein accumulation (Fig. 9) of the aerial tissues of 15 day old plants was 
investigated. 
Six subcellular predicting programs were used to predict the possible cellular locations 
of the BIO5 protein. Only two of the six programs were able to make a prediction.  WolfPSORT 
found BIO5 to be similar to 10 vacuole, 3 golgi, and 1 plasma membrane of the proteins in its 
data base. PSORT calculated BIO5 as having a 0.800 probability of being located in the plasma 
membrane. With no consensus computational prediction for the sub cellular location for BIO5, 
a GFP tagging and colocalization approach was taken. To find the subcellular location of the 
BIO5 protein, the plant C-terminal green fluorescent protein (GFP) tagging gateway vector 
pEARLY103 was used to mark and express the Arabidopsis BIO5 protein.  Agrobacterium 
tumefaciens was used to transform Col-0 plants. BAR resistance was used to select seedlings 
that contained the pEARLEYGATE 103/BIO5 (BIO5::GFP) construct. The plasma membrane 
aquaporin AtPIP2A tagged with mCherry red florescent protein strain name CD3-1007 
(AtPIP2A::mCherry) was used as a plasma membrane organelle marker (Nelson et al., 2007). 
Agrobacterium tumefaciens was again used to transform plants already containing the 
pEARLEYGATE 103/BIO5 construct with the CD3-1007 construct.  The transformants were 
selected for using MS plates containing 50 µg/mL kanamycin and 37.5 µg/mL Glufosinate-
ammonium. The resulting transformants were then analyzed using a Leica Microsystems TCS 
SP5 confocal microscope system. Figure 10 displays a set of images from 25 day old leaves, with 
both the plasma membrane organelle marker AtPIP2A::mCherry and BIO5::GFP are 
simultaneously being expressed using 35S promoters. Figure 10A shows only the GFP emissions 
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while the image in figure 10B only shows the emissions from the mCherry marker. Figure 10C 
clearly shows that fluorescent emissions of AtPIP2A::mCherry and BIO5::GFP overlay very well, 
as indicated by the yellow colored regions. 
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CHAPTER 3.  DISCUSSION 
In this study we describe an Arabidopsis homolog of the S. cerevisiae BIO5 gene (Phalip et al., 
1999). The BIO5 gene was shown to be responsible for KAPA uptake in S. cerevisiae by Phalip et 
al., (1999). Feeding studies using radio labeled KAPA demonstrated that BIO5 was required for 
KAPA uptake. It was also discovered that DAPA is a competitive inhibitor to KAPA uptake 
suggesting DAPA maybe a second substrate of BIO5.  The Arabidopsis gene At2g01170.1 was 
selected as a candidate BIO5 homolog based on its sequence similarity to the S. cerevisiae BIO5 
protein.  Although the primary sequences of the two homologs are not very similar, the 
computationally predicted secondary structures of the two homologous proteins are highly 
conserved; the 12 α-helical transmembrane domains are predicted to be arranged similarly 
across their respective amino acid sequences. The growth phenotype of S. cerevisiae bio5 
mutant (Phalip et al., 1999) allowed us to test the ability of the Arabidopsis BIO5 to functionally 
complement the S. cerevisiae bio5 mutants. The heterologous expression of the Arabidopsis 
BIO5 gene was able to restore the biotin-independent growth to the S. cerevisiae bio5 mutants.  
By providing functional complementation of the S. cerevisiae bio5, it can be deduced 
that the Arabidopsis BIO5 homolog also has the KAPA transport activity found in S. cerevisiae 
BIO5. Though the substrate specificity of BIO5 in S. cerevisiae is not necessarily limited to KAPA, 
the biotin precursor DAPA is a competitive inhibitor of BIO5 and a likely second substrate 
(Phalip et al., 1999).  For the Arabidopsis BIO5 there is evidence of the novel function of 
bidirectional transport of amino acids: alanine and arginine can be imported, while glutamate 
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and lysine can be exported (Ekrem Dündar and Daniel R. Bush, 2009).  Of these other amino 
acids, only alanine is directly used as a substrate in biotin biosynthesis. This insinuates that BIO5 
may not be limited to transporting amino acids that are destined solely for biotin biosynthesis. 
This unique capacity for bidirectional transport of amino acids is thought to mediate facilitated 
diffusion, thereby moving substrate down its potential energy gradient and across the plasma 
membrane. This capability would make BIO5 ideal for moving amino acids such as KAPA or 
DAPA from source to sink tissues. 
Enzymes of biotin biosynthesis are located in both the cytosol: KAPA synthase AtbioF 
(Pinon et al., 2005) and mitochondria: the fusion protein BIO3/BIO1 (predicted) (Muralla et al., 
2008) and BIO2 (Picciocchi et al,. 2001).  With KAPA synthase located in the cytosol, it becomes 
necessary to transport KAPA across the mitochondrial membranes to in order to complete the 
final 3 reactions to produce biotin. As a homolog to the S. cerevisiae KAPA transporter BIO5, the 
Arabidopsis BIO5 was a promising candidate to be the transporter responsible for shuttling 
KAPA across the mitochondrial membranes.  Another likely location for BIO5 in Arabidopsis was 
in the plasma membrane where it could facilitate KAPA uptake as its yeast homolog does.  
Computational predictions of BIO5’s subcellular location lack consensus, therefore BIO5 was 
marked with a C-terminus GFP tag to visualize its location.  The BIO5::GFP protein co-localized 
very well with the control plasma membrane marker, confirming that BIO5 is located in the 
plasma membrane.  Based upon these findings therefore, a model for BIO5 function in 
Arabidopsis can be proposed that poses BIO5 as an amino acid transporter facilitating the 
movement of the biotin precursor KAPA and possibly other amino acids such as DAPA across 
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cell plasma membranes. With elevated expression of BIO5 in the vasculature (Dundar in Ann 
Appl Biol, 2009), combined with the evidence that BIO5 can provide bidirectional transport of 
amino acids, would make BIO5 a well-suited conduit for moving amino acids such as KAPA or 
DAPA from source to sink tissues. 
Close visual observations of Arabidopsis bio5-1 and bio5-2 mutant plants failed to 
identify any morphological phenotype when these plants were grown in either normal or 
biotin-depleted conditions. Real-time PCR identified that the aerial portions of 15 day old plants 
have the highest BIO5 expression of the tissues sampled.  We conjecture that because in yeast 
BIO5 acts as an importer of biotin precursors, Arabidopsis tissues that normally have higher 
levels of BIO5 expression would have the greatest propensity to experience a decrease in biotin 
content when BIO5 is absent, as in the bio5-1 and bio5-2 mutants. We found that bio5-1 mutant 
had about a 33% reduction in biotin content, as compared to wild type tissues, while the 
reduction in the biotin content of bio5-2 mutant was not statistically significantly different from 
wild type levels.   
Changes in the biotin content of Arabidopsis plants has been shown to alter the 
expression levels of 3-methylcrotonyl-Coenzyme A Carboxylase (MCCase) subunits (Che et al., 
2003).  Consistent with these prior findings, the expression of the MCCase subunits transcripts 
were increased in both bio5 mutant lines, though no significant increase in the accumulation of 
biotinylated MCCA protein was observed. It is possible that the increase in the expression of the 
MCCA transcript did not lead to an increase in protein accumulation. Antibodies specific to 
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MCCA and MCCB would be needed to accurately determine the actual accumulation of protein 
because the streptavidin western only detects the biotinylated form of MCCA.  
The expression pattern for Arabidopsis BIO5 has been observed in two previous studies. 
Ekrem Dündar and Daniel R. Bush (2009) reported Real-time PCR results suggesting that BIO5 is 
constitutively expressed throughout the tissues of 6 week old plants. The 32 day old tissues 
examined in this present study had levels of BIO5 expression of consistently lower magnitudes 
than the tissues of younger plants.  BIO5 expression was not constitutively expressed across 
different stages of development, with younger leaves and roots having higher expression than 
older mature tissues. With no data available concerning the spatial-temporal allocation of KAPA 
or DAPA during Arabidopsis development, it is difficult to determine the implications of higher 
BIO5 expression in younger tissues. Recently it was reported that GUS stain experiments 
analyzing BIO5 expression had inconsistent results (Dundar in Ann Appl Biol, 2009), with the 
GUS expression dependent upon the GUS insertion location within the nucleic acid sequence of 
the BIO5 gene. One notable result was observed: the expression of BIO5 in a transposon-GUS 
gene trap insert in the BIO5 gene had elevated GUS expression localized in the vascular tissues 
of 21 day old plants.  
The Arabidopsis’ apparent indifference to the loss of BIO5 function is in stark contrast to 
the growth phenotype seen in S. cerevisiae bio5 mutants. Perhaps the specific conditions in 
which BIO5 becomes limiting for normal plant development were not tested, though a chief 
explanation for this result can be formulated by comparing the different sets of biotin 
biosynthetic gene S. cerevisiae and Arabidopsis possess. Arabidopsis are biotin autotrophic with 
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a complete set of biotin biosynthetic genes, while S. cerevisiae are biotin auxotrophic and 
normally only have the enzymes to perform the last three reactions of biotin biosynthesis 
(Phalip et al., 1999).  With each cell in Arabidopsis potentially having the ability to synthesize its 
own biotin, there is no clear need for biotin precursors such as KAPA to be transported in from 
outside the cell. However, S. cerevisiae require the uptake of KAPA when biotin and 
dethiobiotin or DAPA are not available (Ohsugi and Imanishi, 1985).  Arabidopsis also has the 
biotin/sucrose symporter, AtSUC5 (Ludwig et al., 2000), which transports biotin and sucrose 
across the plasma membrane. AtSUC5 is reported to be active particularly in vascular tissues 
and is theorized to move biotin and sucrose from source to sink tissues. There is also evidence 
that the biotin/sucrose symporter activity found in AtSUC5 may be a property of many sucrose 
transports within the Arabidopsis genome. If KAPA intake is required for proper biotin 
production in some cells, biotin transporters such AtSUC5 could provide a pathway for biotin to 
be transferred from cells with available biotin to cells with a biotin shortage. Such a biotin 
transport pathway would be able to correct possible shortages of biotin caused by the loss of 
BIO5 transport of biotin precursors KAPA or DAPA to particular cells.  Another possible 
explanation for the lack of a phenotype in bio5 mutants is the possibility of amino acids 
transporter(s) with functions redundant to that of BIO5. An amino acid transporter with 
functions redundant to BIO5 may be unrelated to BIO5 or could be a protein such as CAT3 (Su 
et al., 2004) with sequence similarity to BIO5 (TAIR), or perhaps another member of the closely 
related CAT family of proteins.  
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It is somewhat unsurprising that this reduction in biotin in the bio5-1 mutant did not 
lead to an observed phenotype. A previous study that measured biotin concentrations in 
Arabidopsis tissues reported 7-10 day old tissues of bio1 mutant plants had a 78% reduction in 
biotin when compared to wild type, with the concentration of biotin falling from 18pg 
biotin/mg tissue in wild type to 4pg biotin/mg tissue in the bio1 mutant. (J. Shelihammer and D. 
Meinke, 1990).  This 4pg biotin/mg tissue represents an amount of biotin that is too low to 
support the growth of Arabidopsis seedlings. The biotin content measured in the bio5 mutant 
plants is still well above this amount of 4pg biotin/mg tissue. For the bio5-1 mutant plants, 
losing the function of BIO5 caused a moderate loss in biotin content. Even though this decrease 
in biotin did not appear to affect the development of the plants, it does provide evidence that 
BIO5 still has a role in biotin biosynthesis in the biotin autotrophic Arabidopsis plants. 
 
 
 
 
 
 
 
 
 
 
17 
 
CHAPTER 4. MATERIALS AND METHODS 
Plant materials and Growth Conditions 
The Landsberg erecta bio5-1 allele is the GT7321 line, and it was obtained from Cold Spring 
Harbor Laboratories (Cold Spring Harbor, NY). The Columbia ecotype bio5-2 allele 
(SALK_048992) is from the Salk Institute (Alonso et al., 2003) and was obtained from the 
Arabidopsis Biological Resource Center through Ohio State University (www.arabidopsis.org). 
The mutant line EMS 122G-E was used as the bio1-1 (Schneider et al., 1989).  
Sterile seeds were first placed on Murashige and Skoog (MS) agar medium (Invitrogen, 
Carlsbad, CA) containing 2% sucrose and given a cold treatment at 4°C for 3 days to break seed 
dormancy. The seeds were then placed under continuous illumination (170 µmol m-2 s-1) at 
22°C; seedlings remained on MS agar to grow tissue samples up to 15 day old (days after being 
place in 22°C growth room). For samples collected from plants older than 15 days, seedlings 
were transferred to LC1 Sunshine Mix soil (Sun Gro Horticulture, Bellevue, WA) and grown to 
maturity under continuous illumination (170 µmol m-2 s-1) at 22°C. For plants grown on MS agar 
containing avidin and/or biotin, avidin (Sigma-Aldrich, St Louis MO) and/or biotin (Sigma) was 
added to the MS agar media, to a final concentrations of 1µg/mL and 1mM, respectively.  
Genotyping PCR and sequencing 
Genomic DNA extracted from seedling leaves was used as the template for PCR reactions 
primed by a gene-specific and T-DNA insertion-specific primers.  A combination of PCR 
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reactions was used to distinguish wild type, homozygous mutant and heterozygous plants. An 
annealing temperature of 59°C was used in all reactions with Taq DNA polymerase (Invitrogen). 
The sequences of the gene-specific primers for the bio5-1 allele were: Wt positive primer 
Forward (Fwd) 5’-CACGGGTAAGGAGAAGAGGAC-3’; Reverse (Rev) 5’-TCAAGCATCTCTTATATTCAGGG-3’; and 
the T-DNA-specific primer, Ds5-1 (5'-ACGGTCGGGAAACTAGCTCTAC-3'). For bio5-2 allele, the 
genotyping primers were: Fwd 5’-TGCCGTCACAGACATACCTTCT-3’, rev 5’-AAGTTGTGGCGATGAAATAAAAATG-
3’; and the T-DNA primer LBa1 (5’-TGGTTCACGTAGTGGGCCATCG-3’). PCR products were analyzed by 
electrophoresis in 1% w/v agarose ethidium bromide containing gels and the DNA was then 
extracted from the agarose gels using the QIAquick gel extraction kit (Qiagen, Valencia, CA). 
These PCR products, as well as all other DNA sequencing reported in this study, were 
sequenced at the Iowa State University DNA Facility using an Applied Biosystems (Foster City, 
CA) 3730xl DNA Analyzer.  All DNA primers used in this study, unless stated otherwise, were 
also obtained from the Iowa State University DNA Facility.  
Yeast complementation S. cerevisiae bio5 mutants 
The S. cerevisiae heterozygous bio5 diploid strain B0098D (YNR056c::KAN/YNR056c) was 
obtained from EUROSCARF (European Saccharomyces Cerevisiae Archive for Functional 
analysis, Frankfurt, Germany). The sporulation of B0098D produced haploid Wt and bio5 
haploid mutant colonies that were used for complementation experiments. The At2g01170.1 
Arabidopsis BIO5 cDNA was obtained via the BX819028 EST clone (Centre National de 
Ressources Genomiques Vegetales. Auzeville, France).  The full-length BIO5 cDNA was amplified 
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using PCR with the primers Fwd 5’-CACCATGGGAT TGGGCG-3’ Rev 5’-GCCAACACTTTGTGTTGAT-3’ and Taq 
DNA polymerase (Invitrogen). The BIO5 cDNA PCR product was then cloned into pENTR/SD/D-
TOPO (Invitrogen) plasmid using a TOPO reaction and was subsequently transformed into 
TOP10 cells. Plasmids from individual colonies were then sequenced and the plasmid with the 
correct sequence was then transferred to pYES-DEST52 using an LR clonase (Invitrogen) 
reaction.  
For yeast complementation assay haploid bio5 and haploid Wt cells (prepared by 
sporulation) were transformed with empty pYES-DEST52 or pYES-DEST52+BIO5 vector. The 
liquid minimal media used to demonstrate complementation comprised of: Yeast nitrogen base 
without amino acids and ammonium sulfate (Becton, Dickson, and company, Sparks, MD), Yeast 
synthetic drop-out medium supplement without uracil (Sigma), 0.5 ammonium sulfate, and 2% 
galactose.  The liquid cultures were inoculated to an OD600 of 0.1 from starter cultures grown in 
minimal media. A Multi-detection Microplate Reader Synergy HT from BioTech was used to 
simultaneously measure the OD and incubate the cultures. The OD600 was measured every 15 
minutes for 70 hours while the temperature was held at 30°C and 180 RPM. The minimal media 
used to demonstrate complementation on plates was: Yeast nitrogen base without amino acids 
(Becton, Dickson, and company), Yeast synthetic drop-out medium supplement without uracil 
(Sigma), 0.5% ammonium sulfate, 50µg/mL avidin (Sigma), 2% galactose, 50µg/mL kanamycin, 
and 2% agar. 
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RT- and Real-Time PCR 
Total RNA was extracted using RNeasy plant mini kit (Qiagen), and then quantified using 
NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA) and the quality was observed via 
gel electrophoresis. RNA was then treated with DNase I (Invitrogen) to remove genomic DNA 
contamination and Superscript First-Strand synthesis system (Invitrogen) was used to produce 
cDNA. The resulting cDNA was then checked by PCR with the Fwd 5’CACGGGTAAGGAGAAGAGGAC-3’ 
Reverse (Rev) 5’TCAAGCATCTCTTATATTCAGGG-3’ BIO5 specific primers for genomic contamination. 
Selected cDNA was then used as the template for the RT-PCR and real-time experiments. The 
probes and primers used in the real-time experiments were obtained from Integrated DNA 
Technology: 18S (Fwd 5’ CGATCAGATACCGTCCTAGT-3’, Probe  /56-FAM/TCTCAACCATAAA 
CGATGCCGACCA/3IABLFQ/, Rev 5’ GAGTCCTATAAG CAACATCCG-3’), BIO5 (Fwd 5’ GGCTGGTTC AACATCGTT-3’, 
Rev 5’ GGACGATCACCTGAATCAAC-3’, Probe /56-FAM/TGACGG CCAGCG TTGACTTCTCT), MCCA (Fwd 
ACAGAGGCG AGATTGCTT, Probe /56-FAM/CGAAGCGTTTAGGGATTCAGACCGT /3IABLFQ/, Rev 5’ 
CGTCACTGTAAACCGCAA-3’), and MCCB (Fwd 5’ AGGGA TCTTATCGGAGCTTC-3’, Probe /56-FAM/AAAGGTAT 
TGGCCGGAGGTGGA/3IABLFQ/, Rev 5’CTTCTGTTCCTCTTAACCGC-3’). Taqman universal PCR master mix 
(Applied Biosystems, Foster City, CA) was used for all the real-time experiments under the 
manual’s standard conditions. Real-time PCR experiments were performed using a Stratagene 
Mx4000 system (Stratagene, La Jolla, CA) at Iowa State University DNA Facility and results were 
analyzed using the machines supporting software. 
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MCCase Quantification 
Protein was extracted from plant materials using a buffer consisting of 0.1 M HEPES-KOH, pH 
7.0, 20 mM 2-mercaptoethanol, 2% (w/v) SDS, 0.1% (v/v) Triton X-100, 1 mM EDTA, and 20% 
(v/v) glycerol. The concentration of total protein in the extracts was measured using NanoDrop. 
Samples of 50µg total protein each were subjected to SDS-PAGE in 12.5% polyacrylamide gels 
and subsequently stained with Coomassie Brilliant Blue or subjected to western blot analysis. 
Western blots were performed using 1:5000 dilutions of streptavidin-HRP and detection 
achieved by chemilumninescence with ELC western blotting reagents (GE Healthcare Bio-
science Corporation, Piscataway, NJ). Western blot images were quantified using TotalLab 
TL100 analysis software, FOTODYNE Inc. 
Computational Experiments 
The Arabidopsis BIO5 homolog was identified using BLASTp (www.ncbi.nlm.nih.gov) using the S. 
cerevisiae BIO5 protein as the search query. CLUSTALW multiple sequence alignment tool 
(workbench.sdsc.edu) was used to compare the amino acid sequence similarity between the S. 
cerevisiae BIO5 protein and the Arabidopsis BIO5 homolog. TopPred was used to predict the 
transmembrane domains for both the Arabidopsis and S. cerevisiae BIO5 proteins, using the KD-
hydrophobicity scale (Kyte and Doolittle), (Claros and von Heijne, 1994). Proteinomics 
databases were viewed and At2g01170.1 had no annotation in any of the databases listed on 
TAIR (http://www.arabidopsis.org) as of March 12th 2009. Programs used to predict subcellular 
localization were WolfPSORT (Horton et al.,2006), PSORT (Nakai and Kanehisa, 1991), iPSORT 
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(Bannai et al., 2002), TargetP.1 (Emanuelsson et al., 2000), MitoProt II (Claros and Vicens, 1996) 
and Predotar (Small et al., 2004).  
Biotin Assay 
A modified version of the technique used to quantify biotin as published by Wang et al., (1995) 
was used as described here. Arabidopsis tissue (500mg) was homogenized in 0.5mL 4N sulfuric 
acid and then placed in 120°C oven for 2 hours for complete hydrolysis of covalently bound 
biotin. To clear the solution, the extracts were centrifuged at 12,000g for 15 minutes then 
decanted, saving the supernatant as the total biotin extract. This total biotin extract was 
neutralized to pH 7.0 with 5N NaOH. For each sample 200µl of fresh extracts were applied to 
the wells in 96-welled streptavidin HC coated plates (Sigma).  In a set of wells in the same 96-
well plate, a set of serial dilutions of biotin (Sigma-Aldrich, St Louis, MO) dissolved in a pH 8.0 
TBS buffered solution ranging from 0-600 pmol, again aliquoting 200µl per well.  The loaded 
streptavidin HC coated plate was then placed on a shaker (60 RPM) for 1 hour at room 
temperature. To remove any nonbinding material, the solution from all wells containing biotin 
standard or sample extract was removed. After removing the solutions, the wells were washed 
with 200µl of pH 8.0 TBS solution and the wash solution was then removed as before. This 
process was repeated until each well was washed 3 times with the pH 8.0 TBS solution. After 
the final wash, 200µl of 3 pM biotin-fluorescein dissolved in a pH 8.0 TBS buffered solution was 
added to the wells, and the plate was again placed on a shaker (60 RPM) to incubate for 1 hour 
at room temperature.  After incubation the 200µl biotin-fluorescein solution was transferred to 
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a 96-welled black walled microplate (Nunc-Thermo Fisher Scientific, Rochester, NY). The biotin-
fluorescein fluorescence at 485 nm excitation and 535 nm emissions were measured using a 
Cary Eclipse fluorescence spectrophotometer with microplate reader (Varian, Palo Alto, CA). 
Cloning For Subcellular localization  
Iproof DNA polymerase (Bio-Rad Laboratories, Hercules, CA) was used to amplify the coding 
region on the At2g01170 gene using Fwd 5’ CACCATGGGATTGGGCGGC-3’ Rev 5’GTCCCATCTCCAACATTCTTA 
GC-3’ from a genomic DNA template. The amplified fragment was then purified using QIAquick 
gel extraction kit (Qiagen), cloned into pENTR/SD/D-TOPO (Invitrogen), and then transformed 
into One Shot TOP10 E. coli cells, then plated on Kanamycin (kan) LB ager plates. Individual 
colonies were picked and plasmids isolated using mini prep kit (Qiagen) and then sequenced to 
confirm correct orientation and sequence. The pENTR/SD/D-TOPO containing the At2g01170 
gene was treated with Mlu1 (Invitrogen) to remove the Kanamycin resistants gene, the 
remaining plasmid fragment was purified using QIAquick gel extraction kit (Qiagen). The 
purified pENTR/SD/D-TOPO + At2g01170 plasmid fragments were then added to a LR clonase 
reaction (Invitrogen) with pEARLEYGATE 103 (Earley et al., 2002) as the destination vector. The 
completed LR reaction products were then transformed into TOP10 E. coli cells (Invitrogen) and 
plated on kanamycin LB plates. Sequencing of individual colonies confirmed the At2g01170 
gene was correct and in frame with the 35S promoter and GFP gene (pEARLEYGATE 103/BIO5). 
 C58C1 (pMP90) strain of Agrobacterium tumefaciens was used to transform col-0 plants. 
BAR resistance was used to select seedlings that contained the pEARLEYGATE 103/BIO5 
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construct.  The plasma membrane aquaporin AtPIP2A tagged with mCherry red florescent 
protein strain name CD3-1007 was used as the plasma membrane organelle marker (Nelson et 
al., 2007). C58C1 (pMP90) strain of Agrobacterium tumefaciens was used to transform plants 
already containing the pEARLEYGATE 103/BIO5 construct with the CD3-1007 construct.  The 
transformants were selected by using MS plates containing 50 µg/mL kanamycin and 37.5 
µg/mL Glufosinate-ammonium (Company here). The subsequently recovered transformants at 
25 days old were analyzed using a Leica Microsystems TCS SP5 confocal microscope system 
(Wetzlar, Germany). A HCX PL APO CS 63.0x1.40 OIL UV oil immersion objective was used to 
collect the images in figure 10 at a 1.5X zoom. To capture GFP images, an excitation wavelength 
of 489nm was used and emissions were collected from 500nm to 533nm. To image mCherry 
fluorescents, an excitation wavelength of 489nm 552nm was used and emissions were 
collected from 563nm to 599nm. 
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CHAPTER 5. CONCLUSIONS 
Here we described the identification and characterization of Arabidopsis homolog 
(At2g01170.1) to the S. cerevisiae BIO5 transporter of the biotin precursor KAPA.  The 
Arabidopsis protein encoded by At2g01170 (also called BAT1) shows 22.1% identity and 36.8% 
similarity to the S. cerevisiae BIO5 protein, and the two proteins have similar predicted 
secondary structures, with both proteins predicted to have 12 α-helical transmembrane 
domains. The Arabidopsis BIO5 homolog was able to complement the biotin dependant growth 
phenotype of S. cerevisiae bio5 mutant.  Arabidopsis bio5 mutants did not show a 
morphological or growth phenotype, which is unlike the situation observed in S. cerevisiae bio5 
mutants, though there was a loss of biotin content associated with the Arabidopsis mutant. The 
previously unknown subcellular location of BIO5 was determined to be in the plasma 
membrane by a GFP tagging study. This discovery of BIO5’s location in the plasma membrane 
suggests that Arabidopsis have the ability to exchange KAPA among cells. It is still unclear what 
advantage the ability to transport KAPA among cells would provide for the plants or what role 
this KAPA transport has in the plant’s development. Future work would need to focus on 
determining the spatial-temporal distribution of KAPA amongst plant tissues. Comparing the 
spatial-temporal distribution of KAPA to the expression pattern of BIO5 could reveal the role(s) 
of BIO5 mediated transport of KAPA in Arabidopsis. Another opportunity for future work would 
be to study Arabidopsis KAPA synthase mutants (AtbioF mutants) and AtbioF/bio5 double 
mutants, and test their requirements for exogenously provided KAPA, biotin and other biotin-
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precursors. Such a study could determine if BIO5 is required for the uptake of exogenous KAPA 
in Arabidopsis. 
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TABLES AND FIGURES  
 
Figure 1. CLUSTALW multiple sequence alignment between S. cerevisiae BIO5 and top BLASTp hit from 
the Arabidopsis genome, At2g01170. At2g01170 is 516 amino acids (aa) long while S. cerevisiae BIO5 is 
561aa long. Alignment details: identity=137/619 (22.1%), similarity=228/619 (36.8%), gaps=161/619 
(26.0%), score=314.0.  Legend: identity (*), strongly similar (:), weakly similar (.), gap (-). 
 
 
 
 
 
 
  
 
 
Figure 2.  Transmembrane predictions 
 
Arabidopsis BIO5 (top) and S. cerevisiae
using KD-hydrophobicity scale (Kyte
predicted to have 12 α-helical transmembrane domains
their respective amino acid sequences. The most 
predicted domains is the distance between domains 3 to 4 and 4 to 5. In the Arabidopsis 
and 4 are closer while in the S. cerevisiae
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for Arabidopsis and S. cerevisiae BIO5 proteins
 BIO5 (bottom) graphical results of transmembrane predictions 
 and Doolittle) performed using TopPred. Both of these proteins are 
.  These domains are arranged similarly along
conspicuous difference in the arrangements of these 
 BIO5 the 4 and 5 domains are closer. 
 
. 
 
BIO5 domains 3 
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Arabidopsis gene names
AtbioF
BIO1
BIO3
BIO2
 
Figure 3. Biotin biosynthetic pathway adapted from (Phalip et al., 1999). 
 
Arabidopsis have four homologous genes to the E. coli genes in the Pimeloyl-CoA to biotin synthesis 
pathway: AtbioF homologous genes to (bioF), BIO1 (bioA), BIO3 (bioD), and BIO2 (bioB), while S. 
cerevisiae generally only have enzymes for catalyzing the last three reactions in this pathway: BIO3 
(bioA), BIO4 (bioD), and BIO2 (bioB). 
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Figure 4.  Complementation of S. cerevisiae haploid bio5 mutants. 
 
A) Growth of haploid S. cerevisiae in minimal media without uracil, with 2% galactose; haploid B0098D 
bio5 mutant with control empty pYES-DEST52 (hp bio5), haploid B0098D wild type for the BIO5 
gene with control empty pYES-DEST52 (Wt), and haploid B0098D bio5 mutant with pYES-DEST52 
containing the Arabidopsis BIO5 CDNA (hp bio5 + BIO5). Each line contains data from three 
replicate cultures. 
B) Haploid S. cerevisiae streaked grow for 6 days at 30°C on biotin depleted minimal media without 
uracil, with 50µg/mL avidin, 2% galactose, 50µg/mL kanamycin; haploid B0098D bio5 mutant (hp 
bio5) with control empty pYES-DEST52, and haploid B0098D bio5 mutant with pYES-DEST52+BIO5 
(hp bio5 + BIO5).  
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A) 
 
 
B) 
             
Allele Ht parents Seedlings analyzed Wt Ht hm
bio5-1 3 85 20 46 19
bio5-2 3 72 17 36 19
 
 
Figure 5. Gene map of At2g01170 and results from segregation of bio5 alleles 
 
A) Gene map of At2g01170 showing the location of insert T-DNA for the mutant lines GT7321 
(bio5-1) (Landsberg erecta) and Salk_048892 (bio5-2) (Columbia) and segregation of 
heterozygous bio5 mutant lines. 
B) Sequencing of PCR products reactions with gene and T-DNA insert specific primers, showed that 
the bio5-1 T-DNA insertion is located at the 1144bp of the coding region of the BIO5 gene, while 
the bio5-2 insertion is located at 1945bp.  For bio5-1, the calculated χ2 was 0.6, which is less 
than the 5.99 χ2 value at p=0.05 (fails to reject the null hypothesis of 1:2:1 segregation).  For 
bio5-2, the calculated χ2 was 0.11, which is less than the 5.99 χ2 value at p=0.05 (fails to reject 
the null hypothesis of 1:2:1 segregation). These χ2 test results confirmed that both alleles 
followed the normal 1:2:1 Mendellian segregation patterns for a recessive non-lethal allele. 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 6.  Growth of bio5 mutants 
 
Pictured here are 10 day old Wt, bio5
on MS plates with 1 µg/mL avidin. At 10 days the 
to senesce, while the wild type and 
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on biotin depleted media.  
-1, and for comparison the biotin auxotrophic bio1
bio1-1 plants have stopped growing and are beginning 
bio5 mutant plants are growing normally. 
 
-1 plants, grown 
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Figure 7. Quantitative Real-time PCR results tissues of BIO5 expression. 
 
Tissues collected from Ler-0 plants with the flowers and seliques, stems, and crowns were collected 
from 32 day old plants. Each bar represents the average of three biological replicates with at least 3 
technical replicates for each sample in terms of ΔΔCt as compared to 18S and error bars +/- standard 
error (SE). 
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Figure 8. Total biotin content of 15 day old pooled aerial tissues.  
 
Bars represent the average of 3 biological replicates for each sample, +/- SE.  The bio5-1 plants showed 
statistically significant reduction in biotin content, while the bio5-2 plants showed a reduction in biotin 
that was not statistically different from that of wild type plants. Results of t-test are as follows:  the 
calculated t-value for the bio5-1 mutant is 6.76 which is greater than the t-value of 2.78 at an alpha 
value of 0.05 (fails to reject the null hypothesis of the biotin levels being different), the calculated t-
value bio5-2 mutant is 2.68 which is less than the t-value of 2.78 at an alpha value of 0.05 (rejects the 
null hypothesis). 
 
 
 
 
 
 
 
 A)                                                                                     
 
            C)     
Figure 9. MCCA and MCCB expression in 
 
A) Quantitative Real-time PCR results from 
tissues. Expression in terms of ΔΔC
B) Photo quantification of streptavidin 
software, FOTODYNE Inc.). 
C) Streptavidin western of 15 day old pooled aerial tissue
and MCCA (~80 kDa) proteins. Biological replicates for wild type are labeled Wt
b). Each well was loaded with 50µg of total protein.
D) Coomassie Brilliant Blue stain of
for wild type are labeled Wt-(a-
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    B)                                                          
                          D) 
wild type and bio5-2 mutant.  
analysis in biological triplicate of 15 day old pooled aerial 
t as compared to 18S and error bars SE. 
western in Figure 9. C (quantified using TotalLab TL100 analysis 
 protein extract, showing BCCP1 (
-(a-
  
 a SDS-PAGE gel of the samples in Figure 9. C). Biological replicates 
b) and bio5-2-(a-b).  Each well was loaded with 50µg of total protein.
           
 
~35 kDa) 
b) and bio5-2-(a-
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A)                 B)                         C)                            
 
           BIO5::GFP                                 PIP2A::mCherry                         BIO5::GFP/ PIP2A::mCherry Overlay 
 
Figure 10. Confocal images of 25 day old Col-0 leaves expressing BIO5::GFP and PIP2A::mCherry 
fluorescently tagged proteins.       
 
A) The Arabidopsis BIO5 protein with a C-terminus GFP tag was expressed in Col-0 plants using 35S 
promoter, as shown in green.   
B)  The aquaporin PIP2A tagged with mCherry fluorescent protein was used to mark the plasma 
membrane, as shown in red. 
C) An overlay of the GFP and mCherry confocal images shows the regions of co-localization in 
yellow, the GFP in green, and the mCherry in red. 
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Table 1. Subcellular predictions for Arabidopsis BIO5. 
 
Program Prediction 
TargetP No prediction 
Predotar No prediction 
MitoProt No cleavage site predicted (0.0234 probability to mitochondria) 
WolfPSORT Vacuole (10), Golgi (3), Plasma membrane (1) 
PSORT Plasma membrane (0.800 probability) 
iPSORT No signal peptide 
Proteomics N/A (no annotation)  
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